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 
Abstract—Tricalcium phosphate (β-Ca3(PO4)2, β-TCP) powders 

were synthesized using wet polymeric precipitation method for the 
first time to our best knowledge. The results of X-ray diffraction 
analysis showed the formation of almost single a Ca-deficient 
hydroxyapatite (CDHA) phase of a poor crystallinity already at room 
temperature. With continuously increasing the calcination 
temperature up to 800 °C, the crystalline β-TCP was obtained as the 
main phase. It was demonstrated that infrared spectroscopy is very 
effective method to characterize the formation of β-TCP. The SEM 
results showed that β-TCP solids were homogeneous having a small 
particle size distribution. The β-TCP powders consisted of spherical 
particles varying in size from 100 to 300 nm. Fabricated β-TCP 
specimens were placed to the bones of the rats and maintained for 1-2 
months. 

 
Keywords—β-TCP, bone regeneration, wet chemical processing, 

polymeric precipitation.  

I. INTRODUCTION 

ALCIUM phosphate (CaP)-based ceramics are 
extensively employed in orthopedics and dental 

applications. Having a chemical composition very close to the 
mineral part of the bone, calcium hydroxyapatite (CHA, 
Ca10(PO4)6(OH)2, with a Ca/P molar ratio equal to 1.67), 
tricalcium phosphates (TCP, Ca3(PO4)2) such as α- or β-
tricalcium phosphate (α- or β-TCP), with a Ca/P molar ratio 
equal to 1.5)) and the so-called biphasic calcium phosphates 
(BCP, which is a blend of either β-TCP and CHA or α-TCP 
and CHA) show excellent biocompatibility [1]-[3]. These 
CaPs have been applied clinically as bone substitutes, implants 
as well as coating of dental implants and metallic prosthesis 
[4]-[9]. Among above mentioned bioceramics, CHA is 
thermodynamically the most stable phase in physiological 
conditions and has the ability for direct chemical bonding to 
the bone, while β-TCP has attracted great attention because of 
its excellent in vivo bioresorbability leading to new bone 
growth replacing the implanted β-TCP [10]-[12]. In most 
cases, the β-TCP is implanted into a bone structure in the form 
of granules or blocks (dense or macroporous scaffolds) [13]-
[15]. 
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In the past decades, β-TCP powders are reportedly prepared 
via conventional solid-state reactions, combustion or flame 
spray synthesis, chemical precipitation technique, and sol–gel 
method [16]-[19]. Namely, the precipitation technique, besides 
its low cost, has been widely used due to the better control of 
composition and physical properties of obtained powders [19], 
[20]. This method has the attraction in that the chemical 
reagents are mixed intimately on a molecular level at an early 
stage of the process leading to the reactive precursor powders 
required for the synthesis of β-TCP at elevated temperatures 
[19]. Since β-TCP cannot be synthesized directly in aqueous 
solution, the compound that may precipitate is a CDHA 
(Ca9(HPO4)(PO4)5(OH), which has the same crystal structure 
as CHA and the same Ca/P molar ratio as TCP. The 
crystallization of β-TCP requires further calcination of the 
apatite compound at temperatures over 700-800 °C. At such 
temperatures, the CDHA transforms into β-TCP with the loss 
of water [21], [22]. 

 
Ca9(HPO4)(PO4)5(OH)  3Ca3(PO4)2+ H2O              (1) 

 
This two-step wet chemical precipitation method yields a 

material of high phase purity comprising the desired β-TCP 
phase. However, the phase purity of end product and 
repeatability of the synthesis procedure are very much 
dependent on different synthesis parameters. Therefore, the 
aim of this study was to develop a fast and effective 
precipitation technique for the fabrication of monophasic β-
TCP powders. Since the parameters of sample preparation 
strongly affect the physicochemical properties of synthesized 
materials, the detailed procedure of our sample preparation is 
provided here. In addition, structural features, morphological 
characteristics and histologic properties of the synthesized 
materials were investigated by thermal (TG-DSC) analysis, 
powder X-ray diffraction (XRD) analysis, Fourier transform 
infrared (FTIR) spectroscopy, scanning electron microscopy 
(SEM), and microcomputer tomography (microCT). 

II.  EXPERIMENTAL  

β-TCP powders were synthesized using wet polymeric 
precipitation chemical method in an aqueous PVA (partially 
hydrolyzed, Mw approx. 70000) solution. In the synthesis, 
calcium nitrate tetrahydrate and diammonium hydrogen 
phosphate were used as a source of Ca and P, respectively. 
The Ca/P ratio was fixed 1.5. Reaction pH was controlled 
using ammonia solution (25%). Firstly, calcium nitrate 
tetrahydrate (0.013425 mol) was dissolved in 1% aqueous 
PVA solution, and 10 mL of ammonia solution was added. 
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Secondly, diammonium hydrogen phosphate (0.00895 mol) 
was dissolved in 30 mL of deionized water and quickly poured 
to the above solution of calcium nitrate. After mixing for 10 
min (750 rpm), the precipitate was filtered and washed with 
deionized water (3x 30 mL) having 2 ml ammonia solution 
and later only with deionized water (3x10 mL). After drying 
of precipitates at 120 oC for 3h, the obtained amorphous 
powders were heated at 800 for 5h with a heating rate of 1 
oC/min. 

The thermal decomposition of the precipitated species was 
analyzed through thermogravimetric analysis and differential 
scanning calorimetry (TG-DSC) using Perkin Elmer STA 
6000 Simultaneous Thermal Analyzer. Dried samples of about 
5–10 mg were heated from 25 to 950 °C at a heating rate of 10 
°C/min in a dry flowing air (20 mL/min). X-ray powder 
diffraction (XRD) measurements were carried out on Rigaku 
MiniFlex II diffractometer working in Bragg-Brentano (/2) 
geometry using Ni-monochromatized CuKα radiation. Lattice 
parameters are refined by the Rietveld method using the 
FullProf program. Lattice-parameter refinement was carried 
out assuming the rhombohedral space group, R3c (no. 161), 
expected for β-TCP structure [23], [24]. The crystallite size of 
the synthesized β-TCP was calculated from the broadening in 
the XRD pattern by the Scherrer's formula, d = 0.89 λ/B 
cosθB, where λ is the X-ray wavelength, θB is the maximum 
intensity of an observed peak, and B is defined as the full 
width of the peak from the intensity distribution pattern 
measured at half of the maximum intensity (FWHM) value 
[25]. Infrared spectra were recorded using Fourier transform 
infrared (FT-IR) spectrometer (Frontier FT-IR, PerkinElmer) 
equipped with Gladi attenuated total reflection (ATR) viewing 
plate (Diamond ATR crystal), MCT detector (4000-500 cm–1, 
25 scans). The morphology of the final powders and films was 
characterized by scanning electron microscopy performed 
with a Hitachi SU-70 field-emission scanning electron 
microscope (FE-SEM). For the histological investigation the 
β-TCP specimens (0.23 g) were mixed with ethanol and 
pressed by mechanical press using a pressure of 1 ton for 10 
minutes to the bars. A cross-sectional image of the obtained 
specimens was taken by a micro-CT scanner (Skyscan 1076, 
Belgium). High-resolution scanning, with an in-plane pixel 
size and thickness of 9 µm, was performed. The micro-CT 
scanners built-in software was used to make a 3-D 
reconstruction from the set of scans. 

III. RESULTS AND DISCUSSION 

The thermal decomposition behaviour of precipitated Ca–
P–O PVA precursor, corresponding to the final composition of 
Ca3(PO4)2, was investigated by simultaneous TG-DSC 
measurements. The TG-DSC curves of precipitated Ca–P–O 
PVA precursor are shown in Fig. 1.  

As seen, the thermal decomposition of obtained precipitate 
passes through four stages. The first weight loss (0.5%) in the 
TG curve from room temperature to 100 °C is due to the loss 
of residual water in the precipitate [26]. This weight loss is 
accompanied by broad endothermic peak in DSC curve. The 

second weight loss (6%) observed in the TG curve in the range 
of about 100-400 °C can be ascribed to the decomposition of 
polymeric matrix. The third monotonical weight change 
(~1.5%) in the temperature range of 400–740 °C is attributed 
to the final decomposition of residual of organic part [26]. The 
weak endothermic signals in DSC curve confirm the 
decomposition processes which take place in this temperature 
interval. The final weight loss of 0.8% peaked at about 750 °C 
probably indicates a decomposition of intermediate CaCO3. 
No more weight changes are observed above 750 °C, 
indicating that all organic residues and carbonates are 
decomposed at this point. The exothermic peaks above 750 °C 
in DSC curve are attributed to amorphous-crystalline phase 
transition in CaO and formation of Ca3(PO4)2. Thus, thermal 
analysis results suggested that the final annealing temperature 
800 oC should be selected for the synthesis of β-TCP. 
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Fig. 1 TG-DSC and DTG curves of precipitated Ca–P–O PVA 
precursor 

 
The FTIR spectra of the dried Ca-P-O PVA precursor and 

final product are presented in Fig. 2.  
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Fig. 2 FTIR spectra of the dried Ca-P-O PVA precursor and final 
product obtained after annealing at 800 oC 
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In both FTIR spectra, the absorption peaks in the range of 
1100-950 cm-1 attributable to the P-O vibrations in PO4

3- 
(Ca3(PO4)2) [27], [28] are clearly visible. In the IR spectrum of 
Ca-P-O PVA precursor, a broad absorption band located at 
3600-3200 cm-1 could be attributed to O-H stretch vibration in 
alcohol (PVA). However, C-O stretching vibrations (1150-
1050 cm-1) perhaps overlap with the P-O vibration. Intensive 
absorption lines located at 600 cm-1 unambiguously could be 
attributed to Ca-O vibrations in phosphate structure. Bands at 
ca. 2350 cm-1 belong to carbon dioxide from atmosphere [29]. 
Therefore, the FTIR spectra indicate the presence of 
phosphates in the samples. Additionally, the peak attributable 
to the P-O vibrations is more intensive for the sample obtained 
after heating at 800 oC. 

The phase crystallinity and purity of the samples were 
characterized by means of XRD analysis. Fig. 3 shows the 
XRD patterns of the dried as-synthesized β-TCP precursor and 
powders subsequently annealed at elevated temperatures. 
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Fig. 3 XRD patterns of the dried Ca-P-O PVA precursor and final 
product obtained after annealing at 800 oC. Vertical lines represent 

standard XRD patterns of β-TCP (at top) and CHA (at bottom) 
 
It can be seen that the obtained precursor was already a 

poor crystalline compound; however, the diffraction peaks 
appear relatively low and broad. The diffraction peaks are 
considered to arise from the apatite-like crystals according to 
JCPDS file no. 00-46-0905 [21]-[23]. With continuously 
increasing the calcination temperature to 800 °C (Fig. 3), the 
target β-TCP phase (JCPDS file no. 00-09-0169) was obtained 
as the main phase as shown in the bottom of Fig. 3 by vertical 
lines [21], [22]. All the characteristic peaks matched well with 
the corresponding hkl standard planes. Major β-TCP peaks are 
labelled in Fig. 3. Thus, the nanocrystalline CDHA phase has 
transformed into β-TCP, similar to the results published 
previously [21], [22]. Based on the obtained XRD results, we 
can conclude that the phase formation mechanism in co-
precipitated specimens is similar to the traditional synthesis 
route presented by (1). The crystallite sizes were calculated to 
be less than 100 nm for both as-prepared and heat-treated 
samples.  

The morphology of as-synthesized β-TCP precursor and 

synthesized β-TCP powders were examined using scanning 
electron microscopy (SEM). The SEM micrographs of β-TCP 
samples synthesized by polymeric precipitation method are 
shown in Fig. 4.  
 

 

(a) 
 

 

(b) 

Fig. 4 SEM micrographs obtained of the dried Ca-P-O PVA 
precursor (a) and synthesized β-TCP (b) 

 

  

(a)                         (b) 

Fig. 5 MicroCT images of β-TCP specimen placed in the bones: 
femur (a) and tibia (b) 

 
The SEM images clearly demonstrate that the as-

synthesized β-TCP powders consist of irregularly-shaped 
small particles covered by amorphous accumulation of clouds 
[30]. The spherical shape particles 100–300 nm in size of β-
TCP have formed after heat treatment at 800 oC. It is evident 
that the synthesized β-TCP powders show narrow and 
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homogeneous particle size distribution although it had been 
ground manually in a mortar [31]. From these β-TCP powders, 
the bars of 6.46 x 4.35 mm size were pressed for further 
animal in situ investigations. Fabricated β-TCP specimens 
were placed to the holes drilled in the bones of the rats and 
will be maintained from four weeks to two months. The 
microcomputer tomography images of β-TCP samples inserted 
in to the bones are shown in Fig. 5.  

The histological characterization of removed β-TCP 
samples are under investigation. 

IV. CONCLUSION 

In the present work, for the synthesis of tricalcium 
phosphate (β-Ca3(PO4)2, β-TCP) powders a novel wet 
polymeric precipitation method has been developed. The 
formation of β-TCP ceramics synthesized by polymeric 
precipitation method requires 800 °C temperature, as 
determined by TG/DSC analysis. The XRD analysis results 
confirmed that single phase β-TCP powders were obtained at 
rather low temperature (800 °C). Moreover, formation of β-
TCP occurred via transformation of the nanocrystalline CDHA 
phase into β-TCP. The SEM micrographs of β-TCP samples 
synthesized by polymeric precipitation method showed that 
spherically shaped particles 100–300 nm in size have formed 
after heat treatment at 800 oC. Besides, the synthesized β-TCP 
powders showed narrow and homogeneous particle size 
distribution. The histological characterization of β-TCP 
samples will be performed. 
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